Background. Antimalarial drug resistance is now well established in both Plasmodium falciparum and Plasmodium vivax. In southern Papua, Indonesia, where both strains of plasmodia coexist, we have been conducting a series of studies to optimize treatment strategies.
poorly tolerated, particularly among young children [10, 12] .
Artemisinin combination therapy (ACT) is now widely advocated for the treatment of P. falciparum infection, and in accordance with this policy, the Indonesian Ministry of Health has started the transition to ACT deployment as part of an integrated malaria-control strategy. Although regimens of amodiaquine plus artesunate (AAQ) have been deployed as first-line therapy for P. falciparum infection, their efficacy against chloroquine-resistant P. vivax infection has not been established.
In Papua, Indonesia, where resistance has emerged among both P. falciparum and P. vivax, we have been conducting a series of drug trials to optimize treatment strategies [3, 11, 13] . In the present study, we compare the safety and efficacy of dihydroartemisinin-piperaquine (DHP) with those of AAQ for the treatment of patients with malaria who presented to rural clinics with P. falciparum and/or P. vivax infection.
MATERIALS AND METHODS
Study site. The study was performed at 2 rural clinics west of the Timika in southern Papua, Indonesia. This lowland region is partly forested, with Anopheles koliensis, Anopheles farauti, and Anopheles punctulatus responsible for unstable malaria transmission [14, 15] The annual incidence of malaria in the region is 938 cases per 1000 persons per year (ratio of P. falciparum infections to P. vivax infections, 57:43; unpublished data). Local protocols recommend that all patients with patent parasitemia at any level should be given antimalarial therapy.
Study design. The study was a prospective, open-label, randomized comparison of AAQ with DHP for the treatment of uncomplicated symptomatic malaria. The study was based on the 2001 World Health Organization (WHO) in vivo antimalarial drug susceptibility protocol [16] that was modified to include mixed infections and any level of parasitemia. Patients were observed for 42 days.
Patients. Patients with slide-confirmed malaria (due to P. falciparum, P. vivax, or both) and fever or a history of fever during the preceding 48 h who presented to the outpatient clinic were eligible for enrollment. Pregnant or lactating women and children aged !1 year or who weighed !5 kg were excluded, as were patients with WHO-specified danger signs or signs of severity [17] , patients with a parasite load 14%, or patients with concomitant disease that required hospital admission.
Study procedures. After screening and confirmation of eligibility, patients were randomized to receive either AAQ or DHP. A randomization list was generated in blocks of 20 by an independent statistician, with each treatment allocation concealed in an opaque, sealed envelope that was opened once the patient had been enrolled in the study. Demographic information, details of symptoms and their duration, history of previous antimalarial treatment, and clinical examination findings were recorded on a standardized data sheet. Venous blood specimens were obtained for blood film examination and determination of the hematocrit and WBC count.
Parasite counts were determined on Giemsa-stained thick films as the number of parasites per 200 WBCs, and peripheral parasite loads were calculated using the recorded WBC count. Slide examination results were considered to be negative after examination of 200 high-power fields. A thin smear was also examined to confirm parasite species and was used for quantification if the parasite load was 1200 parasites per 200 WBCs. All slides were read by a certified microscopist who was blinded to treatment allocation, and findings were cross-checked by a second experienced microscopist. In cases in which readings were discordant, the slides were reexamined by a third microscopist, and a consensus was reached.
Patients were examined daily until they became afebrile and aparasitemic, and they were then seen weekly for 6 weeks. At each clinic appointment, a complete physical examination was performed, the symptom questionnaire was completed, and a blood sample was obtained for determination of the parasite count. Hemoglobin levels were measured at enrollment, on day 7, and on day 28 using a battery-operated portable photometer (Hb201+; HemoCue). Blood spots on filter paper (Whatman BFC 1802) were also assessed on day 0 and the day of treatment failure.
Treatment. AAQ was dispensed as separate tablets of artesunate (Arsumax; Guilin Pharmaceuticals) and amodiaquine (Flavoquine; Aventis) and was administered on the basis of weight, with a target of a total artesunate dose of 12 mg/kg and a total amodiaquine dose of 30 mg/kg. The target total dose of DHP (Artekin [Holley Pharmaceutical], which contains 40 mg of dihydroartemisinin and 320 mg of piperaquine) was 6.75 and 54 mg/kg of dihydroartemisinin and piperaquine, respectively. Doses were rounded up to the nearest half-tablet, and administration was supervised at the time of admission and after 24 and 48 h. If vomiting occurred within 60 min after use, administration of the full dose was repeated. Patients who vomited more than twice were removed from the study. All patients with either P. vivax infection or mixed infection were offered an unsupervised course of primaquine (0.3 mg of base/ kg of body weight for 14 days) immediately after completion of the study regimen.
Patients for whom therapy failed were offered an alternative to their primary treatment and were observed for an additional 42 days. Patients who refused further follow-up received unsupervised re-treatment, in accordance with local policy, with quinine (10 mg of salt per kg of body weight orally 3 times per day for 7 days) and with additional doxycycline (100 mg per day for 7 days) if they were 18 years of age and not pregnant.
End points. The analysis of efficacy was conducted using a modified intention-to-treat analysis that included all patients who fulfilled the enrollment criteria. The primary end point was the overall risk of reappearance of any parasitemia during the 42-day follow-up period. Secondary end points included the risk of reappearance of P. falciparum (further divided into the risks of recrudescence and reinfection) and the recurrence of P. vivax infection. Other secondary end points assessed were the proportion of parasitemic patients on days 1, 2, and 3; posttreatment gametocyte carriage; and hematological recovery.
Sample size. The original sample size of 400 patients had 80% power and 95% confidence to detect a 12% difference in the primary end point. An interim analysis was performed by an independent data safety monitoring committee after 3 months, and in view of the statistical difference in efficacy between treatment groups, the committee recommended that patient recruitment be stopped. At this stage, 340 patients had been enrolled.
Statistical analysis. Data were double-entered and validated using EpiData software, version 3.02 (EpiData Association), and analysis was performed using SPSS for Windows, version 14 (SPSS). The Mann-Whitney U test was used for nonparametric comparisons, and Student's t test or 1-way analysis of variance was used for parametric comparisons. Proportions were examined by x 2 test with Yates' correction or by Fisher's exact test.
Efficacy end points were assessed by survival analysis, in which the cumulative risk of failure was calculated by the Kaplan Meier product limit formula and compared by the MantelHaenszel log rank test. In addition, treatments were compared, and the hazard ratio (HR) was calculated after stratifying for the initial infecting parasite species using Cox's proportional hazards model. Data were censored for patients who were lost to follow-up or, for secondary end points, represented a different outcome, and were regarded as not experiencing treatment failure. Patients with recurrent vomiting or adverse drug effects who required early termination of treatment and the administration of rescue therapy were regarded as having experienced therapeutic failure.
In patients with P. falciparum (alone or mixed) in both the initial and recurrent parasitemia, reinfections and recrudescent infections were determined by PCR on the basis of polymorphisms in MSP-1, MSP-2, and GLURP, as described elsewhere [18] . Of the 18 P. falciparum paired treatment failures, there were 4 cases (22%) in which PCR was unavailable or the results were indeterminate. In these cases, the cure rates were adjusted on the basis of temporal probabilities of recrudescence versus reinfection, as determined by comparison with patients with complete data.
Gametocyte carriage was assessed by calculating person-gametocyte week rates as a measure of transmission potential [19] . The adverse events reported were commonly associated with acute malaria; thus, comparison between treatment groups was made for patients who did not have the symptom at the time of admission and who developed the symptom after commencement of antimalarial treatment.
Ethics. The study was approved by the ethics committees of the National Institute of Health Research and Development, Indonesian Ministry of Health (Jakarta, Indonesia), and of the Menzies School of Health Research (Darwin, Australia). Written informed consent was obtained from adult patients and from parents of enrolled children. The trial was registered with the clinical trials Web site (http://www.clinicaltrials.gov/ct) as NCT 00157885.
RESULTS
During the period from July 2005 through December 2005, a total of 1310 patients with uncomplicated malaria were treated at the recruitment clinics. Six protocol violations (4 in the AAQ arm and 2 in the DHP arm) were identified within 24 h; patients were offered alternative treatment and excluded from further analysis (figure 1). Of the remaining 334 patients, 185 patients (55%) had P. falciparum infection alone, 114 (34%) had P. vivax infection alone, and both species were present in 35 (10%). Baseline characteristics were similar between treatment groups (table 1) . Follow-up to day 42 or to the day of treatment failure was achieved for 134 (81%) of the 166 patients treated with AAQ and for 132 (79%) of the 168 treated with DHP. Early therapeutic response. Five patients (3%) in the AAQ arm and 1 patient (0.6%) in the DHP arm were unable to tolerate their medication because of recurrent vomiting and were given oral or intravenous quinine. Early clinical deterioration that required hospitalization was observed in 2 patients within 4 h after receipt of DHP; both were transferred to the hospital, treated with intravenous quinine, and made unremarkable recoveries. Of the remaining patients, there were no differences between the treatment groups with regard to the rate of parasite or fever clearance time. Within 48 h, 318 (99%) of 321 patients were aparasitemic, and 318 (99%) were afebrile.
Late therapeutic response. In total, 66 patients had a recurrent parasitemia during the follow-up period (figure 1); 29 (46%) of 63 of these patients were symptomatic, 5 (8%) of 63 had documented fever, and 11 (32%) of 34 were anemic (defined as a hemoglobin concentration !10 g/dL). There were no significant differences in these rates between treatment groups or between parasite species.
The cumulative risk of overall parasitological failure by day 42 was 45% (95% CI, 36%-53%) after AAQ treatment, compared with 13% (95% CI, 7.2%-19%) after DHP treatment (HR, 4.3; 95% CI, 2.5-7.2;
). Compared with AAQ P ! .001 recipients, patients treated with DHP had a lower risk of failure for all of the secondary end points assessed (table 2 and figure  2) .
Gametocyte carriage after treatment. At the time of admission, P. falciparum gametocytes were present in 23 (10%) of 220 patients with P. falciparum infection or mixed infection, with no differences in subsequent carriage rates between treatment groups (overall rate, 12.1 cases per 1000-person weeks). P. vivax gametocytes at the time of admission were present in 113 (76%) of 149 patients with P. vivax infection (alone or mixed). During follow-up, P. vivax gametocytemia was always associated with the recurrence of P. vivax asexual stages and was significantly less likely to occur among DHP recipients (2.5 cases per 1000-patient weeks) than among AAQ recipients (36.5 cases per 1000-patients weeks; rate ratio, 14.5; 95% CI, 3.4-61;
). P ! .001 Hematological recovery. Although there was no significant difference in hemoglobin levels between treatment groups at the time of admission, the rates of anemia at days 7 and 28 were significantly higher in AAQ recipients (figure 3). After stratifying by the presence of anemia at the time of admission, the relative risk (RR) of anemia associated with AAQ at day 7 was 1.65 (95% CI, 1.04-1.85; ), and at day 28, it was P p .04 2.95 (95% CI, 1.2-4.9;
). P p .019 Tolerability. In total, 13 (7.8%) of 166 patients who received AAQ vomited at least 1 dose of medication, compared with 7 (4.2%) of 168 patients who received DHP ( ). On P p .2 days 1 and 2, AAQ recipients were more likely than DHP recipients to report nausea (24 ). By day 7 and thereafter, there were no reported P p .007 differences between groups in symptoms elicited.
Serious adverse events were noted in 3 patients. Two adults developed recurrent vomiting on day 3 after completion of a course of AAQ, requiring admission to hospital and administration of intravenous fluids and antiemetics. Both made a full recovery and were discharged from the hospital within 24 h. A 29-year-old man with P. falciparum infection who was treated with AAQ developed bilateral cerebellar signs (truncal ataxia and intention tremor) on day 7. Neurological examination findings were otherwise unremarkable, and the patient's symptoms resolved over the subsequent 8 days. On day 21, he had a recurrence of P. falciparum infection, which was re-treated with DHP, without further recurrence of infection, symptoms, or cerebellar signs over the subsequent 42 days.
Re-treatment. In total, 66 patients had recurrent parasitemia during follow-up, of whom 14 refused additional followup and received unsupervised re-treatment with quinine, with or without doxycycline. Of the remaining patients, 46 were retreated with DHP (26 patients with P. vivax infection, 14 with P. falciparum infection, and 6 with mixed infection). The overall cumulative failure rate among these patients was 29% (95% CI, 9.9%-49%), with 5 patients having recurrent P. vivax infection and 1 patient having reinfection with P. falciparum. Six patients were re-treated with AAQ, of whom 1 was lost to follow-up on day 21; the rest of these patients had an additional recurrence of parasitemia (3 cases were due to P. vivax, and 2 were mixed infections).
DISCUSSION
In the past decade, an increasing awareness of the extent and impact of antimalarial drug resistance has stimulated renewed interest in comparative drug trials to rationalize treatment policies. Most of these studies have focussed on P. falciparum infection, with virtually no comparative efficacy data addressing the management of chloroquine-resistant P. vivax infection. The importance and threat of the latter infection has been underestimated [20] , with P. vivax malaria posing a significant threat to the 250 million people infected each year [21] .
The WHO recommends the use of ACTs for uncomplicated P. falciparum malaria to improve antimalarial efficacy and minimize the risk of selection of drug-resistant parasites. In practice, the infecting species is only correctly identified in a minority of infections before the commencement of treatment; thus, in Asia and South America, where P. vivax often accounts for 150% of cases of malaria, other species will be frequently treated with ACT. The efficacy of ACT against P. vivax-in particular, against chloroquine-resistant strains-is, therefore, an important consideration when optimizing antimalarial protocols. In the present study, we have attempted to mirror local for overall P ! .001 difference between treatment groups at day 42. B, Cumulative risk of recurrent P. vivax parasitemia (alone or with P. falciparum coinfection).
for overall difference between treatment groups at day 42. Circles, P ! .001 artesunate-amodiaquine; diamonds, dihydroartemisinin-piperaquine. primary health care prescription practices, and we enrolled patients of all ages with all degrees of parasitemia and combinations of species.
The early therapeutic response following both treatments was rapid, and within 48 h, almost all patients had cleared their peripheral parasitemia and were afebrile. During subsequent follow-up, recurrent parasitemia occurred in only 13% of patients treated with DHP, whereas it occurred in 45% of those treated with AAQ ( ). Although the risk of true recru-P ! .001 descence with P. falciparum was !5% after receipt of DHPsimilar to that found in other areas where multidrug-resistant P. falciparum is common [22] [23] [24] [25] [26] [27] -the rates of recrudescence and reinfection involving P. falciparum were significantly higher after receipt of AAQ treatment (adjusted HR, 4 and 3.8, respectively).
The difference in the risk of recurrence was even more marked for P. vivax infection (adjusted HR, 4.3). Such recurrences can be attributed to either recrudescence, reinfection, or relapse from dormant liver-stage infection [28] , although we were unable to distinguish between these causes. In Papua and equatorial regions, relapse of P. vivax infection occurs in up to 60% of patients [29] , with the first relapse occurring at ∼21 days [29] . Because neither artemisinin, piperaquine, nor amodiaquine is active against the hypnozoite stages of P. vivax [30] , the discrepancy between AAQ and DHP regimens is likely to have arisen as a result of a combination of the reduced efficacy of amodiaquine against asexual parasites and its shorter terminal elimination half-life (∼18 days), compared with the halflife of piperaquine (28-35 days) [31, 32] . The posttreatment prophylaxis associated with the long half-life of piperaquine reduces both relapses of P. vivax infection and reinfections with either species. It is possible that a higher dosage of primaquine (0.5 mg/kg per day) could have further reduced the risk of relapse of P. vivax infection; however, in reality, patients rarely adhere to a 14-day regimen. Posttreatment prophylaxis, therefore, provides the only practical means currently available for delaying these relapses. The delays in relapse and reinfection conferred by DHP gave patients a longer period free from symptomatic malaria, allowing for a greater time for hematological recovery and significantly reducing gametocyte carriage and the transmission potential to the mosquito vector.
A major concern with deploying antimalarial drugs that have a long half-life is that they will facilitate the selection of drugresistant parasites. Although it is hoped that combination with an artemisinin derivative will reduce the risk of de novo selective transmission, once drug-resistant strains do emerge, selective transmission in the prolonged subtherapeutic tail of piperaquine is likely to encourage the spread of resistance. Therefore, careful monitoring of in vivo and in vitro antimalarial efficacy must remain a priority.
There were also significant differences in the tolerability between the treatment regimens. Patients treated with AAQ were 2-3-fold more likely to develop nausea, vomiting, and anorexia while receiving treatment, compared with DHP recipients. One patient developed ataxia and an intention tremor 7 days after commencing treatment with AAQ. Cerebellar dysfunction, although rare, is a well-recognized complication of malaria [33, 34] , and although cases of cerebellar dysfunction have been attributed to artemisinin neurotoxicity [35] , the clinical scenario and body of evidence to date suggest that postmalaria neurological syndrome is a more plausible explanation for what occurred in our patient [33, 34, 36] .
In conclusion, DHP was more efficacious and better tolerated than AAQ for the treatment of multidrug-resistant P. falciparum and P. vivax infections in Papua, Indonesia. Its coformulation, cost (US$2 per adult), and posttreatment prophylactic effect offer significant benefits over other available ACTs, making it a prime option for the management of uncomplicated malaria in this region.
